Abstract. Precision noncontact measurement of the print-through phenomenon (PTP) of the fiberreinforced plastics (FRP) is an urgent problem to be solved in yacht industry, especially for the quantization of the surface roughness and the profile of the yacht surface with PTP. The study presents the development of a surface profile measurement system using a fringe reflection method on a PC-based 3-axis measuring machine. The developed system mainly consists of a PC-based 3-axis machine, a CCD Camera, a programmable liquid crystal display (LCD) as a fringe projector, a screen on which the reflected fringe would be projected, a set of measurement software, and a PC. The surface roughness and the 2D profile of the flat composite specimens with PTP could be measured simultaneously using the fringe reflection method, based on the calibration results. Twodimensional profile of a specimen with PTP was determined by the triangulation principle. The surface roughness of a test object was determined based on the scattering principle.
Introduction
Surface quality of a fiber reinforced plastics, such as smoothness, surface roughness, reflectivity, etc., is needed to be inspected to evaluate the quality or to determine the optimal process parameters for mass production [1] . Due to the volumetric shrinkage of the resin and the induced residual stress during the curing process, the reflection on the gel-coating layer surface will be imperfect if twists and wrinkles exist on the gel-coating surface. This phenomenon is called print-through phenomenon (PTP) [2] . The PTP seriously reduces the beauty of a yacht and therefore limits the application of FRP to the yacht. Therefore, it is urgent to solve the PTP problem, especially for a luxurious yacht surface.
The PTP of a specimen is commonly measured by a stylus instrument. A portable commercial instrument developed by BYK-Gardner Corp., can be applied to measure and evaluate the orange peel and the surface structural spectrum [3] . However, an actual 2D profile measurement of the PTP using the instrument is not possible. A noncontact flatness measurement system with the help of an image processing system, have been developed by projecting a parallel laser beam onto the test specimen, and then analyzed by the developed software based on the triangulation principle in [4] . A simultaneous 2D profile and surface roughness measurement system is still not available based on the literature survey. As a result, the demand to develop a simple, economic, noncontact, simultaneous 2D profile and surface roughness measurement system, is required.
Development of a Measurement System for the Print-Through Phenomenon of the FiberReinforced Plastics
A surface profile measurement system using a programmable fringe reflection method was developed in this work to measure the print-through phenomenon of the FRP, as shown in Fig. 1 . The developed system mainly consists of a PC-based 3-axis machine, a programmable liquid crystal display (LCD) as a fringe projector, a screen onto which the reflected fringe would be projected, a CCD camera, a set of measurement software, and a PC. A light beam with a sinusoidal intensity generated by a LCD and a PC was projected onto a FRP specimen with highly reflectivity. The reflected fringe on the screen looks like a nearly straight line for a perfectly flat surface. However, the reflected fringe on the screen becomes deformed for a surface with print-through phenomenon. A reflected image projected onto a screen was captured by a CCD camera with a resolution of 1024 × 1024 pixels, and analyzed by the developed software to determine simultaneously the 2D profile of the print-through phenomenon and the surface roughness. Fig. 1 . Schematic illustration of a print-through phenomenon measurement system using programmable fringe reflection method A two-dimensional (2D) profile of the print-through phenomenon was determined by the triangulation principle in this study. The position variation of a reflected fringe on the screen is affected by the height variation of the specimen (h), the inclination angle with respect to y-axis ( β ), and the inclination angle with respect to x-axis (φ ), respectively, as shown in Fig. 2 . Their effects on the position variation of a reflected fringe on the screen are derived as from Eq.(1) to Eq.(3), individually. The total effects of the h, β , and φ on the position variation of a reflected fringe on the screen are summarized as Eq.(4). For the print-through phenomenon measurement of a flat specimen, the effects of the inclination angle β with respect to y-axis and the inclination angle φ with respect to x-axis can be ignored. As a result, the actual 2D profile of the print-through phenomenon can be determined by the deformed image through an appropriate calibration, based on the Eq.(5). 
where h is the height variation of the specimen, X is the distance between the projected fringe and the screen, θ is the inclination angle of the test specimen, β is the inclination angle with respect to y-axis, and φ is the inclination angle with respect to x-axis. The following relation for specular intensity from a surface with a normal distribution of surface roughness was derived by Beckmann [5] :
where σ is the standard deviation of the surface roughness profile, 1 θ is the incident angle, and λ is the wavelength of the light source. The specular intensity would decrease exponentially as the surface roughness increases linearly based on Eq.(6). By selecting an appropriate threshold of the image of a projected fringe, the surface roughness of a smooth surface or that of a rough surface, can be identified based on the fringe width calculation, as shown in Fig. 3 . The surface roughness of a test object can be determined based on the calibration results between the known surface roughness of a specimen measured by a stylus instrument, and its corresponding mean line width of the reflected fringe. 
Experimental Investigations
The measurement results of the developed optical measurement system, for both the profile measurement and the surface roughness measurement of the test specimens, were calibrated by a stylus instrument, Hommelwerke T4000 made in Germany. Figure 4 shows the calibration results of the 2D print-through profile of a test specimen between the stylus instrument ( Fig. 4(A) ) and the developed noncontact measurement system (Fig. 4(B) ). A calibration factor of 0.254 was determined so that the maximum peak to valley distance of the 2D profile measured by the stylus instrument was consistent with that measured by the developed system [6] . The calibration result of line widths of some test specimens with respect to their surface roughness ranging from Rmax = 0.77 µm to 16.74 µm, is shown in Fig. 5 [6] . The tendency was linear based on the results. As a result, the surface roughness of a test object can be determined by the calculated mean line width of the projected fringe base on the least-squares line equation. Based on the calibration results, the surface roughness and the 2D profile of a flat test specimen with PTF can then be determined simultaneously, based on the information of a reflected fringe. Figure 6 (left) shows the reflected image reflected from a flat specimen with PTF on the screen captured by a CCD camera. The acquired image had been filtered with the median filter, and the image segmentation was then carried out by setting the threshold T = 30. Applying the calibration results to the binary image, the surface roughness and the 2D profile of the specimen with PTF can were determined simultaneously using the developed software, as shown in Table 1 . Deviation of surface roughness between them was about Rmax 0.02 µm (Ra 0.08 µm). Deviation of the 2D profile between them was about 0.5 µm. Table 1 . Measurement result of a flat specimen with PTF Fig. 6 . Reflected image of a flat specimen with PTF
Conclusion
A prototype of a print-through phenomenon (PTF) measurement system using a fringe reflection method on a PC-based 3-axis measuring machine has been developed in this work. The surface roughness and the 2D profile of the flat composite specimens with PTP could be measured simultaneously, based on the calibration results. The 2D profile error between the maximum peak to valley distance of the test specimen was calculated, according to the calibrated factor (0.254) between profile deviation measured by the stylus instrument and that of the optical measurement system. The surface roughness of a test object can be determined based on the calibration results between the known surface roughness of a specimen measured by a stylus instrument, and its corresponding mean line width of the reflected fringe by setting a threshold of 30. According to the test results, the roughness error was about Rmax 0.02 µm, and the profile error was about 0.5 µm measured by the developed system.
